We have determined the effects of myosin binding protein-C (MyBP-C) and its domains on the microsecond rotational dynamics of actin, detected by time-resolved phosphorescence anisotropy (TPA). MyBP-C is a multidomain modulator of striated muscle contraction, interacting with myosin, titin, and possibly actin. Cardiac and slow skeletal MyBP-C are known substrates for protein kinase-A (PKA), and phosphorylation of the cardiac isoform alters contractile properties and myofilament structure. To determine the effects of MyBP-C on actin structural dynamics, we labeled actin at C374 with a phosphorescent dye and performed TPA experiments. The interaction of all three MyBP-C isoforms with actin increased the final anisotropy of the TPA decay, indicating restriction of the amplitude of actin torsional flexibility by 15-20°at saturation of the TPA effect. PKA phosphorylation of slow skeletal and cardiac MyBP-C relieved the restriction of torsional amplitude but also decreased the rate of torsional motion. In the case of fast skeletal MyBP-C, its effect on actin dynamics was unchanged by phosphorylation. The isolated C-terminal half of cardiac MyBP-C (C5-C10) had effects similar to those of the full-length protein, and it bound actin more tightly than the N-terminal half (C0-C4), which had smaller effects on actin dynamics that were independent of PKA phosphorylation. We propose that these MyBP-C-induced changes in actin dynamics play a role in the functional effects of MyBP-C on the actin-myosin interaction.
R egulation of cardiac muscle contraction is mediated in the sarcomere by finely tuned interactions between myosin and actin, with protein phosphorylation playing a critical role. For example, phosphorylated serine or threonine residues in cardiac isoforms of troponin I or myosin binding protein-C (MyBP-C) can influence force and timing of contraction differently in healthy, hypertrophic, and failing hearts (1) (2) (3) (4) (5) (6) . Cardiac MyBP-C (cMyBP-C) is composed of 8 Ig (Ig I) and 3 fibronectin (Fn) type III domains (Fig. 1B) , and its presence and protein kinase A (PKA) phosphorylation status contribute to the modulation of contraction (7, 8) . The cardiac isoform has an Ig domain C0 at its N terminus, where both skeletal isoforms have Pro/Ala-rich linkers instead. Cardiac and slow skeletal MyBP-C contain three to four PKA-phosphorylatable serine/threonine residues near their N termini, whereas fast skeletal MyBP-C contains a single PKA site (9) (10) (11) (Fig. 1B) .
It has been proposed that (i) unphosphorylated cMyBP-C slows contractile kinetics by binding of its N-terminal region to myosin subfragment-2 (S2), restricting myosin subfragment-1 (S1) access to actin, with its C terminus anchored to the thick filament backbone (12) , and (ii) phosphorylation of cMyBP-C relieves the constraint on S2 and facilitates myosin's interaction with actin (13) (14) (15) (16) . PKA phosphorylation of cMyBP-C in skinned myocardium accelerates cross-bridge cycling and reduces Ca 2+ -sensitivity of force, probably by accelerating cross-bridge detachment (15) (16) (17) (18) . Models of MyBP-C phosphorylation to finetune the cardiac contractile machinery via its interaction with myosin have been supported by numerous studies (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , but there is also evidence for interaction of cMyBP-C with actin (23) (24) (25) (26) (27) (28) . Most studies suggest that the C-terminal domains interact with the thick filament backbone, whereas the N-terminal domains interact with S2, the regulatory light chain (RLC), and/or actin.
Rybakova et al. (28) used a cosedimentation assay to characterize the actin-binding properties of recombinant full-length mouse cMyBP-C and its fragments, expressed in insect cells, showing that cMyBP-C interacts with F-actin in a saturable manner via a single moderate-affinity site localized in the C-terminal half of cMyBP-C (domains C5-C10), whereas no saturable binding occurred with N-terminal fragments. If actin binding by monomeric MyBP-C via its C-terminal micromolar-affinity binding site were to occur in intact muscle, this would be surprising, as the same C-terminal domains (C8-C10) (29, 30) appear to lie on the thick filament backbone, based on electron microscopy (12) . Remarkably, actin binding is not affected by PKA-mediated phosphorylation of cMyBP-C (28), despite PKA-mediated changes in structural and mechanical properties of myosin cross-bridges in skinned myocardium (15, 16) . Thus, further studies by structural, physiological, and biochemical approaches are needed to clarify the interaction of actin with MyBP-C.
In the present study, we have used spectroscopy to further define the effects of MyBP-C binding on actin structural dynamics, exploring the dependence on MyBP-C isoform, phosphorylation state, and truncated domains. We performed timeresolved phosphorescence anisotropy (TPA) on F-actin labeled with a phosphorescent dye at C374 (31) to quantitate the microsecond internal rotational dynamics of actin filaments. This time range is dominated by intrafilament torsional (twisting) motions (Fig. 1A) (31) and coincides with the time range of key mechanical transients in muscle fibers (32) and motions of myosin heads bound to actin in solution (33) and in myofibrils (34, 35) . We used pH 8.0 to avoid actin bundling (EM observations and ref. 24) , thus focusing on MyBP-C interactions with individual actin filaments. We corrected our results for variations in binding, thus determining directly the structural dynamics of bound complexes. Our results support previously reported biochemical data using the same baculovirus-expressed MyBP-C (28) and provide biophysical insight into the dynamic interaction of MyBP-C with actin, with important implications for regulation of actomyosin.
Results
Binding of MyBP-C to Erythrosin Iodoacetamide-Labeled F-Actin (ErIAactin). Binding of MyBP-C and fragments to ErIA-actin was measured under the conditions used previously (28) , yielding B max and K d values (Eq. S1) within 10% of the values reported previously for unlabeled actin (28) . These values were used to obtain values for the fraction of actin protomers that are bound to MyBP-C, so the TPA effects of different proteins can be compared quantitatively.
Effects of Full-Length MyBP-C and Its Isoforms on TPA of Actin. At saturation, all three isoforms of MyBP-C (Fig. 1B) dramatically reduced the amplitude (increased the final anisotropy, as defined in Materials and Methods, Eq. 2) of ErIA-actin's TPA decay (Fig.  1C) , indicating substantial restriction of the angular amplitude of actin filament twisting dynamics (Fig. 1A) . However, both skeletal isoforms are more effective than the cardiac isoform in increasing actin anisotropy at low occupancy (Fig. 1D) . Despite similar affinities for actin (K d ≈ 4 μM) and stoichiometries of binding (1:1 molar ratio with respect to the actin protomer) (28, 36) , the effect of skeletal MyBP-C was near maximal when 15-20% of actin protomers were occupied, whereas the effect of cMyBP-C was near maximal only with >40% occupancy (Fig.  2A) . We observed no effect on initial anisotropy, indicating that MyBP-C does not significantly change submicrosecond flexibility within actin protomers. Lifetimes and amplitudes of the actinbound phosphorescent probe were not significantly affected by any isoform of MyBP-C, indicating that the bound proteins had negligible effects on the local environment of the probe, so TPA effects were caused by changes in actin filament rotational dynamics.
Effects of Phosphorylation. We tested whether and how phosphorylation of each MyBP-C isoform changes its effects on actin structural dynamics, under conditions where untreated MyBP-C had maximal effects on the amplitudes ( Fig. 2A) and rates ( samples. For fast skeletal MyBP-C, the TPA effects were unchanged by phosphorylation; that is, the extent of restriction of amplitude ( Fig. 2A ) and increase in rate ( Fig. 2B ) of actin's intrafilament motions were essentially the same for phosphorylated (cyan) and unphosphorylated (white) MyBP-C. In contrast, phosphorylation of slow skeletal or cardiac MyBP-C had significant effects on both amplitudes and rates of motions in actin.
In the case of amplitudes, phosphorylation relieved restrictive effects of both isoforms, so that the amplitudes in the presence of phosphorylated MyBP-Cs became similar to that of actin alone ( Fig. 2A) . In contrast, the changes in rates were isoform-specific.
In the case of slow skeletal MyBP-C, although its unphosphorylated form increased the rates ( Fig. 2A) , phosphorylation relieved this effect (Fig. 2B ). Unphosphorylated cMyBP-C had no significant effect on rate, but phosphorylation decreased the rates by about 30% (Fig. 2B) . Thus, phosphorylation effects on actin dynamics were diverse and isoform-specific, suggesting unique mechanisms of actin regulation.
Effects of N-and C-Terminal Fragments. We examined the effects of truncated cMyBP-C on TPA of ErIA-actin (Table S1 ) to relate the above effects to particular domains (Fig. 3A) . cMyBP-C was split between domains C4 and C5 to yield truncated constructs C0-C4 and C5-C10. This separated the proposed actin-binding sites (24) and the phosphorylation motif located in the C0-C4 segment from the segment C5-C10 containing the moderateaffinity actin-binding site ( Fig. 3A ) (28) . Alternatively, cMyBP-C was partitioned near its N terminus between domains C1 and the phosphorylation motif into C0-C1 and ΔC0-C1 fragments, such that C0-C1 contains the proposed actin-binding sites in C0 and C1 (37), whereas ΔC0-C1 contains the phosphorylation motif and C-terminal actin-binding site (Fig. 3A ) (28) . Using the same range of concentrations as studied for full-length cMyBP-C, we found that removal of proposed actin-binding domains C0-C1 (i.e., using ΔC0-C1) and removal of domains C0-C4 (i.e., using C5-C10) had no effect on torsional amplitude compared with full-length MyBP-C on (Fig. 3B) . These results suggest that the effect of full-length MyBP-C on amplitudes of actin intrafilament motions is localized primarily in its C-terminal domains C5-C10, which is consistent with the observation that the C6-C10 region is indispensible for the full-length cMyBP-C interaction with actin (28) . PKA-mediated effects on torsional amplitude differed in that ΔC0-C1 effects were relieved by PKA treatment, as in the case of the full-length protein, whereas PKA had no effect on C5-C10 to restrict actin amplitude, as expected. This suggests that the motif, but not necessarily C0-C1, is required for PKA effects in regulating actin dynamics. On the other hand, N-terminal fragments of the protein (C0-C1 and C0-C4) did not significantly affect actin rotational amplitude (Fig. 3B) . The effect of PKA phosphorylation to decrease the rate of intrafilament motions required the presence of the phosphorylation motif and C-terminal domains (ΔC0-C1), whereas constructs lacking the motif (C5-C10 and C0-C1) or C-terminal domains (C0-C4) were not significantly affected by PKA treatment with respect to rate (Fig. 3C) . The only significant effect of N-terminal fragments was the effect of C0-C4 to increase rate without affecting amplitude (Fig. 3 B and C) . Although full-length cMyBP-C had no effect on rotational rate when unphosphorylated, the rate was decreased in both cardiac and slow skeletal MyBP-C upon phosphorylation. C-terminal domains in C5-C10 decreased rate regardless of phosphorylation status (Fig. 3C) . Thus, the ability of unphosphorylated full-length cMyBP-C to decrease amplitude, or for phosphorylated cMyBP-C to decrease rate, is probably localized to the C-terminal half, as C5-C10 exhibits both of these characteristics simultaneously, regardless of phosphorylation ( Fig.  3 B and C) . Of course, the phosphorylation motif is the switch required to regulate these PKA-mediated effects. In contrast, fragments C0-C4 and ΔC0-C1, each containing at least the motif and N-terminal domains C2-C4, increased rate (Fig. 3C) . Thus, N-terminal domains generally increased rate and C-terminal domains generally decreased rate.
Electron Microscopy. We observed no evidence of filament aggregation or bundling in electron micrographs when ErIA-actin was mixed with at least equimolar full-length cMyBP-C or fragments in pH 8.0 MyBP-buffer (i.e., 5 μM ErIA-actin: 5 μM MyBP-C in the presence of 1 mM EGTA at physiological ionic strength), which is consistent with earlier reports (24, 38) . We conclude that MyBP-C affects the internal dynamics of actin filaments, not interactions between filaments or interaction of MyBP-C with multiple actin filaments. Earlier studies using electron microscopy and fluorescence microscopy have each demonstrated that the length distribution and average filament length are not affected by ErIA labeling (31).
Discussion
Molecular Implications for Muscle Contraction. The effects of all three isoforms of MyBP-C on actin filament structural dynamics could have profound physiological and pathological significance. The observed restriction of rotational amplitudes but enhancement of rate, along with an isoform-dependent restoration of flexibility with phosphorylation, may be crucial for optimal function of the myosin-actin interaction in the sarcomere. It has previously been shown that actin's twisting motions, as detected by TPA, facilitate the weak-to-strong disorder-to-order transition that occurs in both myosin cross-bridges and actin filaments (39). These microsecond rotational motions are essential to actomyosin kinetics: if actin's microsecond torsional flexibility is too rigid or too floppy, myosin activation and force generation are impeded (40, 41) . We hypothesize that MyBP-C has the capacity to regulate actomyosin kinetics by modulating actin torsional dynamics in a phosphorylation-dependent manner. Although unphosphorylated MyBP-C restricts actin torsional amplitude to sample a smaller angular range of myofilament space with faster twisting kinetics, phosphorylated MyBP-C allows actin to sample a greater range of myofilament space with slower motions. We hypothesize that phosphorylation of cMyBP-C enhances the probability of actomyosin interaction and thus accelerates crossbridge attachment. Such a mechanism would be complementary to an earlier proposal that phosphorylation of MyBP-C relieves a constraint on myosin, thereby freeing it to explore more space and increasing its probability of binding actin (14) . Thus, MyBP-C could regulate the kinetics of contraction via effects on protein mobility in both thin and thick filaments.
Whether MyBP-C enhances actin elastic properties or limits the probability of actin-cross-bridge interactions, the influence may be particularly relevant at low levels of Ca 2+ activation where few cross-bridge-binding sites on actin are available for force generation. Moreover, our TPA results from the ΔC0-C1-actin complex show that phosphorylation propagates a structural change involving domains C-terminal of the motif, suggesting that cMyBP-C acts as a scaffold that allows for communication between thick and thin filaments.
For all three isoforms, changes in actin anisotropy due to MyBP-C saturate well below stoichiometric amounts (Fig. 1D) , indicating that one molecule of MyBP-C influences multiple actin protomers, which is possible given its length with respect to the interfilament distance in the sarcomere (23, 42) . Similar ideas have been explored for MyBP-C's interaction with myosin, where its 1:8 stoichiometry probably influences additional myosin molecules by cooperative means (19, 43) . Positive cooperativity occurs in all three isoforms, but only in the cMyBP-C is there a substantial lag, indicating negative cooperativity at very low stoichiometry. This could arise from a difference in Nterminal charge, as cMyBP-C contains the basic domain C0 at the N terminus, where both skeletal isoforms contain a less charged Pro/Ala-rich linker. The additional positive charge at the N terminus of cMyBP-C may interact electrostatically with actin's negatively charged N terminus, thus competing with Cterminal binding to actin at low MyBP-C concentrations (Fig. 1D) .
Our TPA results and actin-binding studies by Rybakova et al. (28) using cMyBP-C fragments, share a common theme: the effects most pronounced and most similar to full-length cMyBP-C were elicited by the C-terminal half. If domains C8-C10 lie along the thick filament backbone (12), it is conceivable that domains C5-C7 (∼12-15 nm) could still reach the thin filament in cardiac muscle (44) (11-13 nm interfilament space) . Indeed, SAXS studies of human cMyBP-C fragments show that C5-C7 spans ∼14.5 nm and C5-C6 spans ∼12 nm in solution. Many possible configurations cannot yet be ruled out, as even the C0 domain and linker could span the interfilament spacing (44) .
Although C-terminal interactions with actin in solution have major effects on actin dynamics (Fig. 3) , the C terminus of MyBP-C binds about 10 times tighter to myosin than to actin (30) , and the N terminus has been shown to alter the mechanical function of actin in solution and in the myofibril, according to biochemical and biophysical studies (45, 46 ). An ancestral protein relative of MyBP-C, myosin binding protein-H (MyBP-H), is a component of muscle and nonmuscle myosin II and is structurally homologous to the C-terminal half of MyBP-C (domains Fn3-IgI-Fn3-IgI) but lacks the upstream regulatory residues. Like MyBP-C, MyBP-H has been shown to be involved with both myosin and actin binding (47, 48) . Thus, the effects of domains C5-C10 to bind actin (28) and to restrict actin TPA (Fig. 3 B and  C) could be related to ancestral functions of MyBP-H to influence cell motility, for example, by affecting nonmuscle actomyosin bundle contractility at points of cell-cell contact (48) .
PKA Phosphorylation Mediates Nondissociative Conformational Changes
in the MyBP-C-Actin Assembly. The addition of a bulky negative charge with serine phosphorylation could directly influence the structure of the MyBP-C or its interactions with actin in their assembly to disrupt effects on torsional amplitude. Phosphorylation effects are due both to direct electrostatic effects and to more complex perturbations of structure and stability (49) (50) (51) (52) . Thus, our results suggest that phosphorylation causes a structural change that propagates at least from the motif toward the C terminus, without changing binding affinity. Phospholamban (PLB), which regulates the calcium pump (SERCA), plays a role in the heart that is remarkably analogous to that of MyBP-C. PLB is also a substrate for PKA, and PLB phosphorylation activates SERCA without a change in binding affinity. Phosphorylation of PLB causes a transition from order to dynamic disorder that activates SERCA (53) (54) (55) , and PKA phosphorylation of cMyBP-C may also induce transitions in dynamic disorder, without dissociation from its myofilament binding partners.
Comparison with Other Actin-Binding Proteins. Effects on actin rotational dynamics have been previously characterized by TPA for other actin-binding proteins, with a wide range of effects. Whereas tropomyosin slightly restricts actin torsional flexibility (56), cofilin actually increases it with strong cooperativity (57) . Although strongly bound myosin S1 allosterically and cooperatively restricts actin rotational dynamics (41) , the weakly bound acto-S1 complex exhibits actin dynamics intermediate between the free and strongly bound complex and lacks the cooperative changes propagated along the actin filament by strongly bound S1 (58) . The effects on actin dynamics depend on the myosin isoform; muscle myosin II decreases rates of intrafilament torsional motion, and nonmuscle myosin V increases these rates (59) . Thus, it is not surprising that different MyBP-C isoforms, domains, and phosphorylation can uniquely influence actin dynamics. Utrophin and dystrophin, which are known to interact with actin in the muscle cytoskeleton (not in the myofibrillar array), have been shown to restrict actin filament microsecond twisting amplitude while increasing the rate (60) . This combination of effects, similar to those caused by unphosphorylated MyBP-C, has been proposed to enhance the muscle cytoskeleton's resilience (61) , which is lost in Duchenne's muscular dystrophy due to defects in dystrophin.
Conclusion
We have used TPA to characterize the structural dynamics of F-actin, to detect changes in actin torsional dynamics as affected by MyBP-C and its phosphorylation. All three isoforms of MyBP-C restrict the amplitude of actin's microsecond torsional dynamics, which is essential for actomyosin kinetics. In cardiac and slow skeletal isoforms, PKA reverses this effect (increases amplitude) without dissociating the complex. PKA also decreases the rate of actin dynamics. Effects of truncated constructs show that both N-and C-terminal domains are needed for full effects on actin dynamics, including the reversal by PKA. Thus, differential phosphorylation and domains of MyBP-C produce novel states of actin dynamics that are likely to impact myosin crossbridge kinetics, allowing for the tuning of torsional amplitude and rate in response to myocardial inotropy and other physiological factors.
Materials and Methods
Preparation and in vitro phosphorylation of MyBP-C, labeling of actin, actin binding analysis, and electron microscopy are described in SI Text.
TPA Experiments. Phalloidin-stabilized ErIA-actin was diluted in MyBP-buffer (actin buffer plus 10 μM E-64 inhibitor of cysteine proteases) to 1 μM, and increasing concentrations of unlabeled proteins were added. MyBP-C was stored in MyBP-buffer at -80°C for up to 6 mo. After vortexing, ErIA-actin was incubated with full-length or truncated MyBP-C for 20 min at 25°C. To prevent photobleaching of the dye, oxygen was removed using glucose oxidase (58, 62) . Phosphorescence was measured at 25°C. ErIA was excited with a vertically polarized 1.2-ns pulse from a FDSS 532-150 laser (CryLas) at 532 nm, operating at a repetition rate of 100 Hz. Phosphorescence emission was selected by a 670 nm glass cutoff filter (Corion), detected by a photomultiplier (R928, Hamamatsu), and digitized by a transient digitizer (CompuScope 14100, GaGe) at a time resolution of 1 μs/channel. The TPA decay is defined by: rðtÞ = ððI v ðtÞ − GI h ðtÞÞ=ððI v ðtÞ + 2GI h ðtÞÞ; [1] where I v (t) and I h (t) are the vertically and horizontally polarized components of the detected emission signal, using a single detector at 90°and a rotating sheet polarizer that alternated between the two orientations every 500 laser pulses, and G is a correction factor (58, 60) . TPA experiments were recorded with 30 cycles of 1,000 total pulses (500 each in the horizontal and vertical planes) (58, 60) .
TPA Data Analysis. TPA decays were analyzed by fitting to the sum of two exponential terms with the function (58, 60): rðtÞ = r 1 expðÀt=ϕ 1 Þ + r 2 expðÀt=ϕ 2 Þ + r ∞ ; [2] varying rotational correlation times, ϕ 1 (slow) and ϕ 2 (fast); the corresponding amplitudes, r 1 and r 2 ; and the final anisotropy r ∞ . The initial anisotropy was then calculated as r 0 = r(0) = r 1 + r 2 + r ∞ . This method of analysis was established previously (41, 58) and was validated by comparing residuals and χ 2 for fits with one, two, and three exponential terms, with the best fit consistently requiring two exponential terms. The overall angular amplitude of microsecond rotational motion was defined as the radius of a cone, assuming the wobble-in-a-cone model (58, 60 Maximal flexibility corresponds to a final anisotropy of r ∞ = 0, yielding a cone angle θ c = 90°, and maximal rigidity corresponds to r ∞ = r 0 (i.e., no decay) and θ c = 0 (i.e., no detectable rotation).
The mean rate of actin filament torsional motions was defined as the inverse of the mean correlation time: Rate = ðr 1 + r 2 Þ=ðϕ 1 r 1 + ϕ 2 r 2 Þ:
[4]
Each result is reported as mean ± SEM (n > 5), unless indicated otherwise. An unpaired t test was used as a test of significance. P values < 0.05 were taken as indicating significant differences.
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